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We consider a five dimensional AdS spacetime, in presence of higher curvature term like F (R) =
R+αR2 in the bulk, in the context of Randall-Sundrum two-brane model. Our universe is identified
with the TeV scale brane and emerges as a four dimensional effective theory. From the perspective
of this effective theory, we examine the possibility of “inflationary scenario” by considering the on-
brane metric ansatz as an FRW one. Our results reveal that the higher curvature term in the five
dimensional bulk spacetime generates a potential term for the radion field. Due to the presence of
radion potential, the very early universe undergoes a stage of accelerated expansion and moreover
the accelerating period of the universe terminates in a finite time. We also find the spectral index
of curvature perturbation (ns) and tensor to scalar ratio (r) in the present context, which match
with the observational results based on the observations of P lanck 2015 [1].
I. INTRODUCTION
Over the last two decades, extra spatial dimensions [2–
8] has been increasingly playing a central role in physics
beyond the standard model of particle [9] and cosmol-
ogy [10]. Apart from phenomenological approach, higher
dimensional scenarios come naturally in string theory.
Depending on geometry, the extra dimensions are com-
pactified under various compactification schemes. Our
usual four dimensional universe is considered to be a 3-
brane (3 + 1 dimensional brane) embedded within the
higher dimensional spacetime and emerges as a four di-
mensional effective theory.
Among the various extra dimensional models proposed
over the last several years, Randall-Sundrum (RS)
warped extra dimensional model [4] earned a special
attention since it resolves the gauge hierarchy prob-
lem without introducing any intermediate scale (between
Planck and TeV scale) in the theory. RS model is a five
dimensional AdS spacetime with S1/Z2 orbifolding along
the extra dimension while the orbifold fixed points are
identified with two 3-branes. The separation between the
branes is assumed to be of the order of Planck length so
that the hierarchy problem can be solved. However, due
to the intervening gravity, aforementioned brane config-
uration can not be a stable one. So, like other higher
dimensional braneworld scenario, one of the crucial as-
pects of RS model is to stabilize the interbrane separa-
tion (known as modulus or radion). For this purpose,
one needs to generate a suitable radion potential with a
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stable minimum. Goldberger and Wise (GW) proposed
a useful mechanism [11] to construct such a radion po-
tential by imposing a massive scalar field in the bulk
with appropriate boundary conditions. Subsequently the
phenomenology of radion field has also been studied ex-
tensively in [12–15].
Some variants of RS model and its modulus stabilization
have been discussed in [13–19].
The Standard Big Bang model gives a predictive descrip-
tion of our universe from nucleosynthesis to present. But
back in very early stage of evolution, the big bang model
is plagued with some problems such as Horizon and Flat-
ness problems. For a comprehensive review, we refer to
[20, 21]. In order to resolve these problems, the idea of
inflation was introduced by Guth [22] in which the uni-
verse had to go through a stage of accelerated expansion
after the big bang. It had also been demonstrated that
a massive scalar field with a suitable potential plays a
crucial role in producing an accelerated expansion of the
universe. This resulted in a huge amount of work on in-
flation based on scalar fields [20, 21, 23–31].
It is interesting to note that in the extra dimensional
models, the modulus field can fulfill the requirement of
the scalar field required for inflation. Thus the cosmol-
ogy of higher dimensional models [32–39] can be very
different from usual cosmology of four dimensions where
the inflaton field is normally invoked by handz. In our
current work, we take advantage of the modulus field of
extra dimensions and address the early time cosmology
of our universe in the backdrop of RS two-brane model.
It is well known that Einstein-Hilbert action can be gen-
eralized by adding higher order curvature terms which
naturally arise from the diffeomorphism property of the
action. Such terms also have their origin in String The-
ory due to quantum corrections. F (R) [40–43], Gauss-
2Bonnet (GB) [44–46] or more generally Lanczos-Lovelock
gravity [47, 48] are some of the candidates in higher cur-
vature gravitational theory.
Higher curvature terms become extremely relevant at the
regime of large curvature. Thus for RS bulk geometry,
where the curvature is of the order of Planck scale, the
higher curvature terms should play a crucial role. Mo-
tivated by this idea, we consider a generalized version
of RS model by replacing Einstein-Hilbert bulk gravity
Lagrangian, given by the Ricci scalar R by F (R) where
F (R) is an analytic function of R[49–51]. Recently it
has been shown in [17], that for RS braneworld modified
by F (R) gravity, a potential term for the radion field is
generated (in the four dimensional effective theory) even
without introducing an external scalar field in the bulk
and moreover the radion potential has a stable minimum
for a certain range of parametric space. However, from
cosmological aspect, the important questions that remain
in the said higher curvature RS model [17], are:
1. Can the usual four dimensional universe undergo an
accelerating expansion at early epoch, due to pres-
ence of the radion potential generated by higher
curvature term?
2. If such an inflationary scenario is allowed, then
what are the dependence of duration of inflation
as well as number of e-foldings on higher curvature
parameter? Moreover what are the values of ns and
r in the present context?
We aim to address these questions in this work and
motivated by the Starobinsky model [52], the form of
F (R) in the five dimensional bulk, is taken here, as
F (R) = R+ αR2 where α is a constant.
The paper is organized as follows: Following two sec-
tions are devoted to brief reviews of RS scenario and its
extension to F (R) model. Section IV is reserved for de-
termining the solutions of effective Friedmann equations
on the brane. In section V, VI, and VII, we address the
consequences of the solutions that are obtained in section
IV. Finally the paper ends with some concluding remarks
in section VIII.
II. BRIEF DESCRIPTION OF RS SCENARIO
RS scenario is defined on a five dimensional AdS space-
time involving one warped and compact extra space-
like dimension. Two 3-branes known as TeV/visible and
Planck/hidden brane are embedded in a five dimensional
spacetime. If φ is the extra dimensional angular coor-
dinate, then the branes are located at two fixed points
φ = (0, π) while the latter one is identified with our
known four dimensional universe. The opposite brane
tensions along with the finely tuned five dimensional cos-
mological constant serve as energy-momentum tensor of
RS scenario. The resulting spacetime metric [4] is non-
factorizable and expressed as,
ds2 = e−2krc|φ|ηµνdxµdxν − r2cdφ2 (1)
Here, rc is the compactification radius of the extra di-
mension. Due to S1/Z2 compactification along the ex-
tra dimension, φ ranges from −π to +π. The quantity
k =
√
−Λ
12M3 , is of the order of 5-dimensional Planck scale
M . Thus k relates the 5D Planck scaleM to the 5D cos-
mological constant Λ.
In order to solve the hierarchy problem, it is assumed
in RS scenario that the branes are separated by such a
distance that kπrc ≈ 36. Then the exponential factor
present in the metric, which is often called warp factor,
produces a large suppression so that a mass scale of the
order of Planck scale is reduced to TeV scale on the vis-
ible brane. A scalar mass e.g. mass of Higgs boson is
given as,
mH = m0e
−kπrc (2)
where mH and m0 are physical and bare Higgs masses
respectively.
III. RS LIKE SPACETIME IN F(R) MODEL:
FOUR DIMENSIONAL EFFECTIVE ACTION
In the present paper, we consider a five dimensional
AdS spacetime with two 3-brane scenario in F(R) model.
The form of F (R) is taken as F (R) = R + αR2 where α
is a constant with square of the inverse mass dimension.
Considering φ as the extra dimensional angular coordi-
nate, two branes are located at φ = 0 (hidden brane)
and at φ = π (visible brane) respectively while the lat-
ter one is identified with the visible universe. Moreover
the spacetime is S1/Z2 orbifolded along the coordinate
φ. The action for this model is :
S =
∫
d4xdφ
√
G[
1
2κ2
(R + αR2) + Λ
+ Vhδ(φ) + Vvδ(φ− π)] (3)
where G is determinant of the five dimensional met-
ric (GMN ), Λ(< 0) is the bulk cosmological constant,
1
2κ2 = M
3 and Vh, Vv are the brane tensions on hidden,
visible brane respectively.
It is well known that a F (R) gravity model can be recast
into Einstein gravity with a scalar field by means of a con-
formal transformation on the metric [17, 43]. Thus the
solutions of five dimensional Einstein equations for the
action presented in eqn. (3), can be extracted from the
solutions of the corresponding conformally related scalar-
tensor (ST) theory and it is discussed in the following two
subsections.
3A. Solutions of field equations for corresponding
ST theory
This higher curvature like F (R) model (in eqn.(3))
can be transformed into scalar-tensor theory by using
the technique discussed in [17]. Performing a conformal
transformation of the metric as
GMN (x, φ)→ G˜MN = exp ( 1√
3
κΦ(x, φ))GMN (x, φ),
(4)
the above action (in eqn.(3)) can be expressed as a scalar-
tensor theory with the action given by [17] :
S =
∫
d4xdφ
√
G˜[
R˜
2κ2
+
1
2
G˜MN∂MΦ∂NΦ− V (Φ)
+ Λ + exp (− 5
2
√
3
κΦ)Vhδ(φ)
+ exp (− 5
2
√
3
κΦ)Vvδ(φ− π), (5)
where the quantities in tilde are reserved for the ST the-
ory. R˜ is the Ricci curvature formed by the transformed
metric G˜MN . Φ(x, φ) is the scalar field which corre-
sponds to higher curvature degrees of freedom and V (Φ)
is the scalar potential which for this specific choice of
F (R) has the form [17],
V (Φ) =
1
8κ2α
exp (− 5
2
√
3
κΦ)[exp (
3
2
√
3
κΦ)− 1]2
− Λ[exp (− 5
2
√
3
κΦ)− 1]. (6)
One can check that the above potential (in eqn.(6)) is
stable for the parametric regime α > 0. The stable value
(< Φ >) and the mass squared (m2Φ) of the scalar field
(Φ) are given by the following two equations
exp (
3
2
√
3
κ < Φ >) = [
√
9− 40κ2αΛ − 2] (7)
and
m2Φ =
1
8α
[
√
9− 40κ2αΛ][
√
9− 40κ2αΛ − 2]− 23 . (8)
Furthermore, the minimum value of the potential i.e.
V (< Φ >) is non zero and serves as a cosmological con-
stant. Thus the effective cosmological constant in scalar-
tensor theory is Λeff = Λ − V (< Φ >) where V (< Φ >)
is,
V (< Φ >) = Λ + [
√
9− 40κ2αΛ− 2]− 53
[ −Λ + (1/8κ2α)[
√
9− 40κ2αΛ− 3]2].
(9)
This form of V (< Φ >) with Λ < 0 clearly indicates that
Λeff is also negative or more explicitly, the correspond-
ing scalar-tensor theory for the original F (R) model has
an AdS like spacetime [13]. Considering ξ as the fluctua-
tion of the scalar field over its vacuum expectation value
(vev), the final form of action for the scalar-tensor theory
in the bulk can be written as,
S =
∫
d4xdφ
√
G˜[
R˜
2κ2
+
1
2
G˜MN∂Mξ∂N ξ
− (1/2)m2Φξ2 + Λeff ] (10)
where the terms up to quadratic order in ξ are retained
for κξ < 1.
For the case of ST theory presented in eqn.(10), ξ can
act as a bulk scalar field with the mass given by eqn.(8).
Considering a negligible backreaction of the scalar field
(ξ) on the background spacetime, the solution of metric
G˜MN is exactly same as RS model, i.e.,
ds˜2 = e−2krc|φ|ηµνdxµdxν − r2cdφ2, (11)
where k =
√
−Λeff
24M3 and rc is the compactification radius
of the extra dimension in ST theory. With this metric,
the scalar field equation of motion in the bulk is the fol-
lowing,
− 1
r2c
∂φ[exp (−4krc|φ|)∂φξ]
+m2Φ exp (−4krc|φ|)ξ(φ) = 0 (12)
where the scalar field ξ is taken as function of extra di-
mensional coordinate only [11]. Considering non zero
value of ξ on branes, the above equation (12) has the
general solution,
ξ(φ) = e2krc|φ|
[
Aeνkrc|φ| +Be−νkrc|φ|
]
(13)
with ν =
√
4 +m2Φ/k
2. Moreover A and B are obtained
from the boundary conditions, ξ(0) = vh and ξ(π) = vv
as follows :
A = vve
−(2+ν)krcπ − vhe−2νkrcπ
and
B = vh(1 + e
−2νkrcπ)− vve−(2+ν)krcπ.
Upon substitution the form of A and B into eqn.(13),
one finds that
ξ(0) = vh
ξ(π) = vv[1− e−2νkrcπ + vh
vv
e−(3ν−2)krcπ]
Above values of ξ(0) and ξ(π) matches with the
boundary condition (i.e. ξ(0) = vh and ξ(π) = vv) by
neglecting the subleading powers of e−krcπ, as have been
done earlier by the authors in [11].
4B. Solutions of field equations for original F(R)
theory
Recall that the original higher curvature F (R) model
is presented by the action given in eqn.(3). Solutions
of metric (GMN ) for this F (R) model can be extracted
from the solutions of corresponding scalar-tensor theory
(eqn.(11) and eqn.(13)) with the help of eqn.(4). Thus
the line element in F (R) model turns out to be
ds2 = e
− κ√
3
Φ(φ)
[e−2krc|φ|ηµνdxµdxν − r2cdφ2] (14)
where Φ(φ) =< Φ > +ξ(φ) and ξ(φ) is given by eqn.(13).
This solution of GMN immediately leads to the separa-
tion between hidden (φ = 0) and visible (φ = π) branes
along the path of constant xµ as follows :
πd = rc
∫ π
0
dφe
− κ
2
√
3
Φ(φ)
where d is the inter-brane separation in F (R) model.
A fluctuation of branes around the configuration d is
now considered. This fluctuation can be taken as a field
(T (x)) and this new field is assumed to be the function
of brane coordinates only [12]. Then the metric takes the
following form,
ds2 = e
− κ√
3
Φ(x,φ)
[ e−2kT (x)|φ|gµν(x)dxµdxν
− T (x)2dφ2] (15)
where gµν(x) is the induced on-brane metric and T (x) is
known as radion (or modulus) field. Moreover Φ(x, φ) is
obtained from eqn.(13) by replacing rc by T (x).
Plugging back the solutions presented in eqn. (15) into
original five dimensional F(R) action (in eqn. (3)) and
integrating over φ yields the four dimensional effective
action as follows [17]
Seff =
∫
d4x
√−g
[
M2(4)R(4) +
1
2
gµν∂µΨ∂νΨ
− V (Ψ)
]
(16)
where M2(4) =
M3
k
[√
9− 40κ2αΛ − 2
]−5/6
is the four
dimensional Planck scale, R(4) is the Ricci scalar
formed by gµν(x). Moreover, Ψ(x) =
√
24M3
k
[
1 +
20√
3
αk2κvh
]
e−kπT (x) = fe−kπT (x) (with f =
√
24M3
k [1 +
20√
3
αk2κvh]), is the canonical radion field and V (Ψ) is the
radion potential with the following form [17]
V (Ψ) =
20√
3
αk5
M6
Ψ4[vv − (vh − κv
2
h
2
√
3
+
κvhvv
2
√
3
)(Ψ/f)ǫ]2 (17)
where the terms proportional to ǫ (=
m2
Φ
k2 ) are neglected
[11, 12]. It may be observed that V (Ψ) goes to zero
as α tends to zero. This is expected because for α → 0,
the action contains only the Einstein part which does not
produce any potential term for the radion field [12]. Thus
for five dimensional warped geometric model, the radion
potential is generated from the higher order curvature
term αR2. In figure (1), we plot V (Ψ) against Ψ.
V(Ψ)
Ψ
0
20
40
60
80
FIG. 1. V (Ψ) vs Ψ for M = k = 1, ǫ = 0.04, κvv = 0.01,
vh
vv
= 1.5 and α = 10−22 (GeV)−2.
The potential in eqn.(17) has a vev at
< Ψ >= f(
vv
vh
)1/ǫ[1− κvv
2
√
3
(
vh
vv
− 1)]−1/ǫ (18)
as long as α > 0. Correspondingly the squared mass of
radion field is as follows,
m2rad(F (R)) =
20√
3
αk4
M6
ǫ2e−2kdπv2hv
2
v
[ 1 +
40√
3
αk2κvh][
vh
vv
− 1]2. (19)
Due to the presence of V (Ψ), radion field has a certain
dynamics governed by effective field equations. In the
next few sections, we examine whether the dynamics of
radion field can trigger an inflationary scenario for the
four dimensional universe or not.
IV. SOLUTIONS OF EFFECTIVE FRIEDMANN
EQUATIONS
Considering the on-brane metric ansatz as flat FRW
one i.e.
ds2(4) = gµν(x)dx
µdxν
= dt2 − a2(t)[dx2 + dy2 + dz2]
where a(t) is the scale factor of the visible universe. The
effective field equations (obtained from the effective ac-
tion presented in eqn.(16)) take the following form,
H2 =
1
3
[
V (Ψ) +
1
2
(Ψ˙)2
]
(20)
5and
Ψ¨ + 3HΨ˙ + V ′(Ψ) = 0 (21)
where an overdot denotes the derivative ddt , H =
a˙
a is
known as Hubble parameter and the form of V (Ψ) is
given in eqn.(17). To derive the above equations, we
assume that the radion field (Ψ(t)) is homogeneous in
space.
In order to solve the effective Friedmann equations, the
potential energy of radion field is taken as very much
greater than the kinetic energy (known as slow roll ap-
proximation) i.e.
V (Ψ)≫ 1
2
(Ψ˙)2.
With this approximation, eqn.(20) and eqn.(21) are sim-
plified to,
H2 =
1
3
V (Ψ) (22)
and
3HΨ˙ + V ′(Ψ) = 0 (23)
respectively. Substituting H(t) from eqn.(22) to eqn.(23)
and using the explicit form of V (Ψ), we get the equation
of motion for radion field as,
dΨ
dt
= −8vv
√
5
3
√
3
αk5
M6
Ψ
(
BΨǫ − 1) (24)
where B = 1vvfǫ
(
vh− κv
2
h
2
√
3
+ κvvvh
2
√
3
)
. Eqn.(24) immediately
leads to the dynamics of radion field as,
Ψ(t) =
Ψ0[
BΨǫ
0
−(BΨǫ
0
−1) exp
(
−8ǫvv
√
5
3
√
3
αk5
M6
(t−t0)
)]1/ǫ , (25)
where Ψ0 is the value of radion field (Ψ(t)) at t = t0.
Eqn.(25) clearly indicates that Ψ(t) decreases with time.
Comparison of eqn.(18) and eqn.(25) clearly reveals that
the radion field reaches at its vev asymptotically (within
the slow roll approximation) at large time (t≫ t0) i.e.
Ψ(t≫ t0) = f(vv
vh
)1/ǫ[1− κvv
2
√
3
(
vh
vv
− 1)]−1/ǫ
= < Ψ > (26)
This vev of radion field leads to the stabilized interbrane
separation (between Planck and TeV branes) as,
kπ < T (x) >=
4k2
m2Φ
[ln (
vh
vv
)− κvv
2
√
3
(
vh
vv
− 1)] (27)
where m2Φ is given in eqn.(8).
Putting the solution of Ψ(t) into eqn.(22) one gets, on
integration, the evolution of scale factor as,
a(t) = C exp
[
2vv
√
5
3
√
3
αk5
M6
(
g1(t)− g2(t)
)]
, (28)
where C is an integration constant and g1(t) has the fol-
lowing form,
g1 (t) = − BΨ
ǫ
0
(BΨǫ0 − 1)
1
16ǫvv
√
5
3
√
3
αk5
M6
Ψ20 ∗
2F1
(
1, 1, 2 +
2
ǫ
,
BΨǫ0
BΨǫ0 − 1
exp
(
8ǫvv
√
5
3
√
3
αk5
M6
(t− t0)
))
exp
(
8ǫvv
√
5
3
√
3
αk5
M6
(t− t0)
)(
BΨǫ0 − (BΨǫ0 − 1)
exp
(− 8ǫvv
√
5
3
√
3
αk5
M6
(t− t0)
))−2/ǫ
(29)
where 2F1 symbolizes the hypergeometric function.
Similarly the form of g2(t) is given by,
g2 (t) = − Ψ
ǫ
0
(BΨǫ0 − 1)
1
16ǫvv
√
5
3
√
3
αk5
M6
Ψ20 ∗
2F1
(
1, 1, 1 +
2
ǫ
,
BΨǫ0
BΨǫ0 − 1
exp
(
8ǫvv
√
5
3
√
3
αk5
M6
(t− t0)
))
exp
(
8ǫvv
√
5
3
√
3
αk5
M6
(t− t0)
)(
BΨǫ0 − (BΨǫ0 − 1)
exp
(− 8ǫvv
√
5
3
√
3
αk5
M6
(t− t0)
))1−2/ǫ
. (30)
It may be noticed from eqn.(25) and eqn.(28) that for
α → 0, the solution of radion field and Hubble param-
eter become Ψ(t) = Ψ0 and H(t) = 0 respectively. It
is expected because in the absence of higher curvature
term, V (Ψ) goes to zero and thus the radion field has no
dynamics which in turn vanishes the evolution of scale
factor of the universe.
V. BEGINNING OF INFLATION
After obtaining the solution of a(t) (in eqn.(28)), we
can now examine whether this form of scale factor cor-
responds to an accelerating era of the early universe (i.e.
t & t0) or not. In order to check this, we expand a(t) in
the form of Taylor series (about t = t0) and retain the
terms only up to first order in t− t0:
a (t & t0) = a0
exp
[
2(BΨǫ0 − 1)Ψ20vv
√
5
3
√
3
αk5
M6
(t− t0)
]
(31)
where a0 is the value of the scale factor at t = t0 and
related to the integration constant C as,
a0 = C exp [−Ψ
2
0
8
].
6It is evident from eqn.(31) that a(t) corresponds to an
exponential expansion at early age of the universe where
t0 specifies the onset of inflation. Moreover the Hub-
ble parameter (H = a˙a ) depends on the higher curvature
parameter α and for α → 0, a(t) = a0. Thus the accel-
erating period of the early universe is triggered entirely
due to the presence of higher curvature term in the five
dimensional bulk spacetime.
VI. END OF INFLATION
In the previous section, we show that the very early
universe expands with an acceleration and this acceler-
ating stage is termed as the inflationary epoch. In this
section, we check whether the acceleration of the scale
factor has an end in a finite time or not.
In the case of inflation, a¨ > 0. By relating the definition
of inflation to the Hubble parameter, one readily obtains,
a¨
a
= H˙ +H2 > 0. (32)
We now estimate the time interval which is consis-
tent with this condition. Recall the slow roll equation
(eqn.(22)) as,
H2 =
1
3
V (Ψ)
=
20
3
√
3
αk5
M6
v2vΨ
4
(
BΨǫ − 1)2.
Differentiating both sides of this equation with respect
to t, we get the time derivative of the Hubble parameter
as follows,
H˙ = − 160
3
√
3
αk5
M6
v2vΨ
2
(
BΨǫ − 1)2 (33)
where we use the expression of Ψ˙ from eqn.(24). Plugging
back the expressions of H2 and H˙ into eqn.(32) one gets
the following condition on radion field,
Ψ > 2
√
2 = Ψf = Ψ(tf ) (34)
where tf is the time when the radion field acquires the
value 2
√
2 (in Planckian unit). Eqn. (34) clearly indi-
cates that the inflationary era of the universe continues as
long as the radion field remains greater than Ψf (= 2
√
2).
Correspondingly the duration of inflation (i.e. tf−t0) can
be calculated from the solution of Ψ(t) as follows,
Ψǫf =
Ψǫ0[
BΨǫ0 − (BΨǫ0 − 1) exp
(− 8ǫvv√ 53√3 αk5M6 (tf − t0))
]
Simplifying the above expression, we obtain
tf − t0 = 1
8ǫvv
√
5
3
√
3
αk5
M6
ln
[
Ψǫf(BΨ
ǫ
0 − 1)
Ψǫ0(BΨ
ǫ
f − 1)
]
. (35)
So the inflation comes to an end in a finite time. In order
to estimate the duration of inflation explicitly, one needs
the initial value of the radion field (i.e. Ψ0) which can be
determined from the expression of number of e-foldings,
discussed in the next section.
VII. NUMBER OF E-FOLDINGS AND SLOW
ROLL PARAMETERS
Total number of e-foldings (N0) of the inflationary era
is defined as,
N0 =
∫ tf
t0
H(t)dt. (36)
Using the slow roll equation, the above expression is sim-
plified to the form,
N0 =
∫ Ψf
Ψ0
√
V (Ψ)
3
1
Ψ˙
dΨ (37)
Putting the explicit form of V (Ψ) (eqn.(17)) and the time
derivative of Ψ(t) (eqn.(24)) into the right hand side of
eqn.(37) and integrating over Ψ, one obtains the final
result of number of e-foldings, given by
N0 =
1
16
(
Ψ20 −Ψ2f
)
. (38)
It may be mentioned that the total number of e-foldings
is independent of mass of the radion field (or inflaton
field).
We may define,
N(Ψ) = N0 −
∫ Ψ
Ψ0
√
V (Ψ)
3
1
Ψ˙
dΨ,
the number of e-foldings remaining until the end of infla-
tion when the inflaton field crosses the value Ψ(t). Sim-
plifying the above expression, one obtains :
N(Ψ) =
1
16
(
Ψ2 −Ψ2f
)
.
In order to test the broad inflationary paradigm as well
as particular models against precision observations [1], it
is crucial to calculate the slow roll parameters (ǫV and
ηV ), which are defined as follows :
ǫV =
1
2
(
V ′(Ψ)
V (Ψ)
)2
and
ηV =
(
V ′′(Ψ)
V (Ψ)
)
The slow roll condition demands that the parameters ǫV
and ηV should be less than unity as long as the inflation-
ary era continues. By using the form of inflaton potential
7(V (Ψ), in eqn.(17)), the above expressions can be sim-
plified and turn out to be,
ǫV =
8
16N(Ψ) + Ψ2f
(39)
and
ηV =
6
16N(Ψ) + Ψ2f
(40)
Using these expressions of slow roll parameters, one
determines the spectral index of curvature perturbation
(ns) and tensor to scalar ratio (r) in terms of N∗
(
=
1
16
(
Ψ2∗ − Ψ2f
)
, the number of e-foldings remaining until
the end of inflation when the cosmological scales exit the
horizon and Ψ∗ is the corresponding value of the inflaton
field
)
[25–27] :
ns =
16N∗ − 28
16N∗ + 8
(41)
and
r =
128
16N∗ + 8
(42)
To derive eqn.(41) and eqn.(42), we use the value of Ψf
(= 2
√
2) that has been obtained earlier (see eqn.(34)).
From observational results (Planck 2015) [1] ns and r
are constrained to be ns = 0.968 ± 0.006 and r < 0.12
respectively. Using eqn. (41) and eqn. (42), it can be
easily shown that in order to make agreement between
the theoretical and observational results, N∗ should be
equal to 60. Putting this value of N∗ into eqn. (41) and
eqn. (42), we obtain the following results of ns and r :
ns = 0.963
r = 0.11
Moreover, at the pivot scale (N(Ψ) = N∗), ǫV and ηV
acquire the values as 0.009 and 0.007 respectively.
In table (I), we now summarize our results.
Parameters Theoretical results Observational results
(ns and r) from the present model (for N∗ = 60) from P lanck 2015
ns 0.963 0.968 ± 0.006
r 0.11 < 0.12
TABLE I. Theoretical and observational results of ns and r
It is evident from table (I), that the present model
of five dimensional higher curvature gravity predicts the
correct values for ns and r as per the observations of
Planck 2015.
However the required value of N∗ (= 60) can be achieved
if Ψ∗ is adjusted to the value as Ψ∗ ≃ 31 (in Planckian
unit). Also demanding the total number of e-foldings
of inflationary era to be equal to 70 (i.e. N0 = 70),
we obtain the initial value of inflaton field, Ψ0 = 33.5
(in Planckian unit). With this value of Ψ0, duration of
inflation (tf−t0) comes as∼ 10−32 sec (or 10−8 (GeV)−1,
see eqn.(35)) if the higher curvature parameter α and κvv
are taken as
α ∼ 10−22(GeV )−2 (43)
and
κvv = 0.01
respectively. Furthermore, the effective gravitational
constant (M(4)) is ∼ 1019 GeV for the estimated value of
α presented in eqn.(43).
Once we find the initial (Ψ0) and final (Ψf ) values of
the inflaton field, we now give the plots (figure(2) and
figure(3)) between the slow roll parameters and Ψ (by
using eqn.(39) and eqn.(40)).
Near beginning of inflation
Near end of inflation
Ψ
ΕV
0.2
0.4
0.6
0.8
1.0
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FIG. 3. ηV vs Ψ
Figure (2) and figure (3) clearly demonstrate that as
long as inflation continues, both the slow roll parameters
(ǫV and ηV ) remain less than unity. This behaviour of ǫV
8and ηV are expected from the slow roll approximation.
Furthermore, the value of ǫV and ηV increase with the
evolution of universe during the inflationary epoch and
at the end of inflation, ǫV becomes one i.e. ǫV (Ψf ) = 1.
VIII. COMPARISON OF SOLUTIONS WITH
AND WITHOUT SLOW ROLL APPROXIMATION
In this section, we solve the radion field and Hubble pa-
rameter numerically from the complete form of effective
Friedmann equations (eqn. (20) and eqn. (21), without
slow roll approximations). These numerical solutions are
then compared with the solutions (in eqn. (25) and eqn.
(28)) obtained by solving the slow roll equations.
Eqn. (20) and eqn. (21) lead to the equation of Ψ(t) as
follows:
Ψ¨ +
√
3
[
V (Ψ) +
1
2
(Ψ˙)2
]
Ψ˙ + V ′(Ψ) = 0
Using the form of V (Ψ), above differential equation is
solved numerically for Ψ(t). The comparison between
this numerical solution and the solution obtained in eqn.
(25) is presented in figure (4).
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FIG. 4. Ψ(t) vs. t with/without slow roll approximation
Figure (4) demonstrates that the plotted result of
Ψ(t) based on solving the slow roll equations and the
plotted result of Ψ(t) based on solving the full Freid-
mann equations (in presence of Ψ˙2 and Ψ¨) are almost
same during the inflation. But after the inflation the
acceleration term of inflaton (the term containing Ψ¨)
starts to contribute and as a result the two solutions
(with and without slow roll conditions) differ from each
other. Moreover in the slow roll approximation, Ψ(t)
does not exhibit oscillatory phase at the end of inflation,
but it tends to its minimum value asymptotically. Such
an oscillatory character of Ψ(t) occurs when the term Ψ¨
is taken into account in the equation of motion.
The numerical solution of Hubble parameter
and correspondingly the deceleration parameter
(q(t) = −(H˙ + H2)) are also obtained from eqn.
(20). The variation of q(t) versus t (with/without slow
roll approximation) is shown in figure (5).
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FIG. 5. q(t) vs. t with/without slow roll approximation
Figure (5) clearly depicts that the duration of infla-
tion predicted from the numerical solution of complete
Friedmann equations is longer than that predicted from
the solutions of slow roll equations.
IX. SUMMARY AND CONCLUDING
REMARKS
In this work, we consider a five dimensional compact-
ified warped AdS model with two 3-branes embedded
within the spacetime. Due to large curvature (∼ Planck
scale) in the bulk, the spacetime is considered to be
governed by higher curvature like F (R) = R+αR2. Our
visible universe is identified with the TeV scale brane,
which emerges out of the four dimensional effective
theory. On projecting the bulk gravity on the brane, the
extra degrees of freedom of R(5) appears as a scalar field
on the brane and is known as radion field. The potential
term (V (Ψ)) of radion field is proportional to the higher
curvature parameter α and goes to zero as α→ 0. Thus
it is clear that the radion potential is generated entirely
due to the presence of higher curvature term in the
five dimensional bulk spacetime. The form of V (Ψ) (in
eqn.(17)) indicates that the radion potential is stable as
long as α is considered to be positive and the minimum
of V (Ψ) is zero.
From the perspective of four dimensional effective the-
ory, we examine the possibility of “inflationary scenario”
by taking the on-brane metric ansatz as a spatially flat
FRW one. In the presence of radion potential,V (Ψ),
9we determine the solutions (in eqn.(25) and eqn.(28))
of effective Friedmann equations by considering the
potential energy of radion field as very much greater
than the kinetic energy (also known as slow roll approx-
imation). The solution of scale factor corresponds to
an accelerating expansion of the early universe and the
rate of expansion depends on the parameter α. It may
be mentioned that the radion field as well as the scale
factor become constant as α goes to zero. Thus it can
be argued that due to the presence of higher curvature
term, the radion field has a certain dynamics which in
turn triggers an exponential expansion of the universe at
an early epoch. The expression of duration of inflation
(tf − t0) is also obtained in eqn. (35) which reveals that
the accelerating phase of the universe terminates within
a finite time.
We determine the slow roll parameters (ǫV and ηV )
and it is found that both ǫV and ηV remain less than
unity as long as the inflation continues. The expressions
of slow roll parameters yield the spectral index of
curvature perturbation (ns) and tensor to scalar ratio
(r) in terms of N∗ (number of e-foldings remaining until
the end of inflation from the pivot scale). For N∗ = 60,
ns and r take the values as ns = 0.963 and r = 0.11,
which match with the observational results based on the
observations of Planck 2015 (see table (I)). Thus our
considered model of five dimensional higher curvature
gravity predicts the correct values of ns and r as per the
observations of Planck 2015. Moreover the duration of
inflation comes as ∼ 10−32 sec (or 10−8 (GeV)−1) if the
higher curvature parameter α is of the order of 10−22
(GeV)−2.
Finally we find the solution for the radion field and
Hubble parameter numerically from the complete form
of Friedmann equations (without the slow roll approxi-
mations). During the inflation, these numerical solutions
are almost same with the solutions of slow roll equations,
as demonstrated in figure (4) and figure (5). Another im-
portant point to note is that in the slow roll approxima-
tion, Ψ(t) does not exhibit oscillatory phase at the end
of inflation, but it tends to its minimum value asymptot-
ically, while such an oscillatory behaviour of inflaton is
indeed there if the slow roll approximation is relaxed, i.e.,
the acceleration term of Ψ(t) in the equation of motion
is not dropped, as depicted in figure (4).
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